The design and operation of a new small-angle X-ray scattering instrument, optimized for high throughput at a synchrotron source, high angular and wavelength resolution, large sample cross-sectional area, accurate energy tuning, excellent signal-to-noise ratio and harmonic rejection are presented. The principles of design and implementation are given, as are the details of primary calibration of absolute intensity and experimental desmearing. The instrument has been tested for application to anomalous-scattering measurements near the chromium K edge. Preliminary results on samples of a heat-treated steel are presented as a demonstration of the capability of this experiment to separate the microstructure evolution as a function of temperature of a chromium-rich precipitate from the thermal behavior of other precipitates in the steel.
Introduction
The small-angle scattering curve and its transform lead in a direct manner to the determination of many important microstructure parameters such as particle radius of gyration, particle volume, particle shape and total surface area. For this reason, small-angle X-ray scattering (SAXS) has been used since the 1940's in a wide range of applications in metallurgy, polymer science and structural biology. Over the past decade, these applications have expanded to include time-resolved microstructural measurements and differential contrast anomalous-diffraction measurements thanks to the availability of intense collimated white sources of X-rays from storage rings.
For the three major classes of SAXS experimentsreal time, static and differential contrast -the experimental requirements are markedly different. Optimal utilization of the X-ray source depends on the scien-0021-8898/91/010030-08503.00 tific problem that is being addressed (Koch & Bordas, 1983) . In particular, the highest priority may be high X-ray flux at the sample, or angular resolution, or narrow-wavelength bandpass. For this reason, one finds many solutions to the problem of creating an optimized SAXS experiment. In real-time applications, the wavelength resolution, Ah./a, is generally made as large as possible, commensurate with the required angular resolution, so that the instrument will deliver the highest flux at the sample. For measurements in metallurgy and ceramic science, high angular resolution is often of major importance, where high resolution refers to a small minimum achievable scattering vector hmin, with h = 4rr sinO/A, 20 is the scattering angle and ,~ is the photon wavelength. To obtain a low value for hmin, either slits or crystals are used. If good wavelength resolution (i.e. A~./~."10 -4) is also available, then anomalous SAXS (or differential contrast SAXS) offers the additional possibility of separating the scattering caused by a particular scattering entity from the total scattering in a complex material. Thus it becomes possible, for example, to follow the influence of various forms of high-temperature service (simple aging, creep, cyclic stresses) on the different precipitates in a complicated alloy.
The geometry of the new SAXS instrument for anomalous scattering that forms the subject of the present paper is described in §2. This instrument delivers photon fluxes of approximately 10 ~° photons s -I in a 3 × 3 mm area at the sample position, AA/A = 6 x 10-4 and hmi n =0"005 nm-~ over the energy range of incident photons from 5 to 11 keV. The camera was optimized to make best use of the most important optical element, the X-ray source. Measurements over the range 0-005 ___ h ___ 2 nmrequire approximately 30-40min. This type of operation is made possible through the use of a PIN photodiode detector and its custom-designed electro-nics that are linear over nine decades of operation. The design principles of this SAXS detector are given in §3. The optics/detector combination makes primary calibration of the absolute intensity a natural byproduct of the SAXS measurements, in that all of the parameters for calibration are available from the scattering curve and the empty-beam curve. In this sense, the present experiment is self-calibrated. The details of the SAXS measurements, the absolute calibration and the desmearing techniques (i.e. corrections for the instrument profile) are given in §4. A synopsis of preliminary results on differential measurements on a ferritic steel are also shown. Concluding remarks are found in §5.
SAXS geometry
The double-fiat-crystal diffractometer (Compton & Allison, 1935) in the (1,-l), i.e. nondispersive, setting, with the sample between the two crystals, was first used for SAXS by Fankuchen & Jellinek (1945) . The first crystal acts as a collimator and the second crystal acts as an analyzer. There are several important advantages that the crystal camera offers: small hmin, compact geometry, and the possibility of illuminating large homgeneous samples. A disadvantage of the crystal camera is the high background at large h caused by the slow decay of the intensity in the reflection curve wings. The intensity in the wings of the reflection curve decays as 1/(4y2), where the full width of the curve extends from y = -1 to y = + 1. Bonse & Hart (1966) offered a method of suppressing the far-reaching wings of the reflection curve by means of multiple reflections. In their instrument, the single reflections of the collimating crystal and the analyzing crystal are each replaced by m (where m = 2, 3 .... ) Bragg reflections in a channel-cut crystal. This raises the intensity of the ordinary single-crystal reflection curve to the ruth power. They recommended the use of five reflections, drastically reducing the intensity in the reflection-curve wings to -1/(4y2) 5. If an asymmetrically cut fore crystal is used, the angular acceptance, the cross-sectional area and the throughput of the instrument are increased.
A small-angle-scattering curve measured with a slit instrument has the following general features. At the low-h or Guinier end of the curve, defined by the relationship hR <_ 1.2, where R is the dimension of the particle scatterers, the log of the coherent scattered intensity drops linearly with h 2. In the high h, or Porod, region of the curve, defined by hR > -10, the coherent scattered intensity falls off as h-3. The scattered intensity in the regions of interest is less than 10-5-10 -6 the intensity of the incident beam. With a single-crystal analyzer, the Porod region in certain cases may be buried under the reflection-curve wings. Therefore, the SAXS crystal analyzer must have a minimum of two reflections to ensure that the instrument profile decays faster than the coherent scattering from the sample. The two-reflection collimator and two-reflection analyzer arrangement enjoys the highest throughput of the possible mreflection SAXS diffractometers that fulfil the requirement of rapid fall-off of the reflection-curve wings and has the greatest flexibility for wavelength selection at a synchrotron X-ray source. Fig. 1 is a diagram of the instrument described in this paper. It was temporarily installed on beamline X23A3 at the National Synchrotron Light Source (NSLS). An asymmetric first crystal (fore crystal) and a symmetric second crystal are combined to form a separated-function fixed-exit-slit monochromator. With a conventional X-ray source, these crystals would serve as the collimation system. In the present case, they determine the wavelength bandpass from the white synchrotron X-ray source, which is already highly collimated. A pair of symmetric crystals, held in a monolithic fixture, act as the analyzer. All of the crystals are germanium.
Germanium was chosen because of its large structure factor (compared, for example, to silicon), its high reflectivity, its good crystalline perfection and the width of its intrinsic rocking curve which is within a factor of two of the opening angle of the synchrotron X-ray source. The full width at half maximum for (111) germanium (Alexandropoulos & Cohen, 1974) is -20 arc s at 6 keV. The opening angle for 6 keV photons at the National Synchrotron Light Source is -44 arc s. An asymmetric-cut crystal reflects X-rays at a crystal face which forms an angle a ~ 0 with the reflecting lattice planes. Such a crystal can be oriented so as to increase the wavelength bandpass and increase the angular acceptance compared to a symmetric-cut crystal. It can also improve the apparent collimation from the synchrotron source. In particular, an a = 7 ° offset, where the [111] vector is titled toward the nearest [110] by 7 °, increases the angular acceptance (Cohen & Deslattes, 1982) of the Ge (111) crystal to -30 arc s at 6 keV. This means that approximately 75% of the available photons at this energy are accepted by the experiment. The cross-sectional area of the beam is 43"8 29.8 5"2 3"2 5"9 0.6 x 10 '° 7 41"0 25"8 5"7 4"0 5"5 0"9 x 10 '° 8 38"8 22"9 6"1 4"5 5"1 1"8 x 101° 9 36"9 21"2 6"5 5"8 4"9 1"4 × 101° 10 35"3 19"3 6"8 6"9 4"4 1"0 x 101° 11 33"9 19"2 7"2 8"0 4"3 0"6 x 101°
* 20" = (I.13/y) (E,./E) 0.425, where Ec = 5.07 and 3' = (1957)(2.528) at the National Synchrotron Light Source. t For a 3 × 3 mm sample aperture.
modestly enlarged (-48%) and none of the beam is lost if the crystals are large enough (-5 cm diameter). Table 1 shows the parameters of importance for matching the optics of the first crystal to the opening angle of the source over the photon energy range of interest. The 2o-vertical opening angles of the X-ray source are calculated from Green's (1976) expression which is given at the bottom of the table. The crystal acceptance, the wavelength resolution (i.e. AA/A = AE/E) and the energy bandpass (i.e. AE) are calculated from equations developed by Matsushita & Kaminaga (1980) for estimating the performance of X-ray optical systems at synchrotron sources. The value of h min is calculated from the measured full-width at full-maximum of the rocking curve (Alexandropoulos & Cohen, 1974) of the analyzer crystal pair. It is especially important to keep the energy bandpass in mind because the anomalous SAXS measurements are performed at several photon energies near an absorption edge to achieve differential contrast. The absorption edges of the 3d transition elements (EXAFS Materials, 1988) are -20 eV wide, and the present instrument has a dE from 2.5 to 8 eV. Care is required to guarantee the avoidance of fluorescence during SAXS measurements.
With a crystal instrument and a white source of X-rays, special attention must be given to harmonic suppression (Bonse, Materlik & Schroder, 1976) and to avoidance of spurious reflections (Materlik & Kostroun, 1980) . To separate diffraction orders, Bonse & Materlik (1985) suggested using singlecrystal reflections for which the refractive-index correction for the Bragg angle is different for the fundamental and the harmonics. For asymmetriccut crystals, one can significantly increase the throughput at the fundamental wavelength while increasing the angular separation between the fundamental and the harmonics. This separation alone is not good enough for SAXS experiments because the scattering from the fundamental and the harmonics are offset but the scattering due to the harmonics is not necessary eliminated. In the present instrument, the harmonic contribution to the signal is of order one part in 103 (see Table 2 ). Harmonic suppression is achieved because of the qualities of the source and the effect of the intervening Ge K edge on the X-ray structure factor. The X-ray flux from the bending-magnet source is a factor of -l0 less at 18 keV than at 6 keV, and the drop is even more precipitous for 24, 30,...keV. Between the ultra high vacuum of the front end and the first monochromator crystal, the 17 m beam path is helium. In addition, there are two 0.025 cm Be windows. The He path and the Be windows are the only elements of the experiment which discriminate against the photon energy of interest. The structure factor for 18 keV is -10% of that for 6 keV, and this is multiplied for each reflection. The silicon PIN photodiode efficiency is 100% at 6 keV and 36% at 18 keV. A comparison of the signals at the detector from Ge (111) and Ge (333) can be made by collecting all of these factors together. The source discriminates against the harmonic by a factor of -10, the He beam path and the Be windows cause an enhancement of the harmonic by a factor of -1.5, and the crystal monochromator discriminates against the harmonic by a factor of -102. In all, a reduction of -700 is predicted. To test this estimate, the actual intensity through a 3 x 3ram area at the sample position was measured using calibrated filters, a scintillation detector, and a pulse-height analyzer. The results are shown in Table 2 . Each harmonic was maximized in turn by means of slight adjustments of the crystals so that the measurements would accurately represent the true peak in the number of photons at each energy. It can be seen that even the first available harmonic contains -10 -3 fewer photons than the primary energy. Thus the harmonic contribution to the experiment is at the 0.1% level.
PIN photodiode detector
The use of a PIN photodiode as an X-ray detector has been described by Jach & Cowan (1983) . The photodiode detector for the SAXS diffractometer 
]N(E)=
I(E), where I(E) is the response current, N(E) is the number per second of incident photons with energy E, and e is the electronic charge. This is to be compared to 26.2 eV per electron-ion pair in a P10 gas detector or 36.3 eV per electron-ion pair in an N 2 gas detector. The carriers generated in the entire 300 I~m thickness contribute to the photocurrent. There is a thin (3-12 nm) thermally grown surface oxide layer which does not contribute to the signal.
The p-i-n junction saturates at -100 txA, which corresponds to -2 x 1012 photons s -I. The advantages of this detector for SAXS are: (1) the extemely wide dynamic range; (2) the high quantum efficiency compared to gas detectors; (3) the excellent linearity; (4) the low noise; (5) the fact that there are no voltage or gas requirements; and finally (6) the low cost. These qualities ensure that an accurate primary calibration of absolute intensity can be made because no beam stop is used, that the sample transmission can be measured along with the scattering curve, that h--0 is very precisely determined, and that the signal-to-noise ratio is excellent. The details of the operation of this detector and the custom design of the associated electronics are given elsewhere . No degradation in the operation of the photodiode detector was observed over the course of 32 d of intermittent exposure to the direct beam.
SAXS measurements, absolute callibration and desmearing
Energy calibration of the SAXS instrument was performed at 4.966, 5-989 and 8.989 keV using transmission absorption-edge measurements on the K edges of Ti, Cr and Cu metal foils. Near-edge spectra were measured with the monitor ionization chamber serving as the incident-flux I0 detector, the photodiode detector serving as the output signal I detector, a metal-foil absorber in the scatterer position, and the analyzer crystals rotated and lowered out of the X-ray beam. Between calibration points, the photon energy was computed from the angle of incidence on the first crystal, and is estimated to be accurate to 5 eV over the range of photon energies from 5 to 11 keV.
Scattering curves and empty-beam curves were measured from h=-0.003 to 2nm -1 Measurements were carried out in a sequence such that an associated empty-beam measurement was made either immediately preceding or immediately following a scattering measurement. Each curve was measured with the smallest step size (10.6 arc s), i.e.
Ah --0.00042 nm -1, in the ultra-small-angle region including 0 = 0. This procedure enables a very sensitive determination to be made of h=0. As h increased, larger step sizes were taken until h=0.5 to 2.0 nm-t, where a large step measurement provided a good determination of the terminal slope and the experimental scattering background.
In the data reduction, the scattering curves and the empty-beam curves are treated in exactly the same manner. The photodiode detector data is first corrected for dark current and detector amplification, and is then normalized to the monitor detector. Conversion of the scattering data into dT.(h)/d,O, the differential scattering cross section in units of cm -j involves taking the ratio of the number of photons scattered per second into unit solid angle to the number of photons in the incident beam, all normalized to unit volume. The intensity profile, I(h) in photons s-l, measured in a detector with efficiency e and subtending a solid angle ,O at the sample is
where ~o is the incident flux in photons s-1 area-1 illuminating an area A on a sample of uniform thickness t and transmission T and d~(h)/dJ'2 is the differential scattering cross section per unit volume per unit solid angle. The measured transmission is related to the specimen thickness by the relationship T = e -u', where /.~ is the linear absorption coefficient.
With the double-crystal instrument, the same detector of area a, where a> A, that is used to measure l(h) is used to measure q~oA with the sample removed. Therefore, a knowledge of the detector efficiency is not required and primary conversion of Wignall & Bates, 1987) , the solid angle is defined by the area of the beam on the detector element, Aa, and the distance between the sample and detector, r. In the double-crystal instrument, the angle in the scanning direction is highly collimated by the crystal optics. Therefore, AO,. is measured from the experiment as the full width at half maximum of the empty beam. With no crystal optics in the slit-length direction, AOz is defined in the geometric sense. For a large illuminated sample area of dimensions Ws × Ls and a detector diameter of LD, where Ls < LD, /tOt = (LD + Ls)/2r + [LD-Lsl/2r, which reduces to ~tO1 = LD/r. The detector diameter is 5.5 mm and the sample-todetector distance was 280_5mm. The additional distance due to the double reflection in the analyzer is negligible. Thus it is evident that although primary calibration usually requires special equipment and a 'standard' sample, and can be difficult and time consuming to perform, the present instrument requires no additional beam time for calibration since all of the parameters are available in the normal course of performing scattering measurements. Once the data have been put on an absolute scale, they must be corrected for slit averaging. The Lake (1967) method is an iterative technique for correcting small-angle-scattering data for the effects of slitwidth and slit-length smearing. Whereas Glatter has presented a method for improving upon the Lake method by smoothing the iterative correction function (Glatter, 1974) , that modification is not employed here. In the present case, wavelength smearing and slit-width smearing are negligibly small because of the narrow wavelength bandpass of the crystals and the narrow bandpass (crystal rocking curve) in the slit-width direction. Therefore, only slit-length corrections are required. The photon energy dependence of the slit width and slit length, expressed in angular units and also in reciprocalspace units, are given in Table 3 . In reciprocal space, the slit length is
and the slit width is similarly defined by replacing lo and A Or with Wo and A Ow. A computer code, Lake.FOR, developed for the instrument described in this paper, corrects for slitlength-collimation effects by generating a circularly symmetric desmeared dY(h)/d/2, using the technique of Lake, that satisfies 
For the combination double-crystal analyzer and photodiode detector, P(/) is a rectangular function, such as in Fig. 2 of Glatter (1974) , of height (2/o)-' and length 2/o. Evaluation of (4) for each trial solution dZ(h)/d/2 of the Lake technique makes use of the trapezoid rule where the step size, AI, is chosen from the spacing of the data points in h. For (h2+ 12) 1/2<-hmax, where hmax is the last available datum, two-point linear interpolation is used while for (h 2 + 12) '/2> hmax, an extrapolation is used. Constants for the extrapolation are measured from the data over a range of h. The exact form of the extrapolation function is less important to the calculation than the avoidance of the termination effect by using an extrapolation.
Testing of the accuracy of the absolute scaling and the quality of the desmearing was carried out by comparing absolute scaled small-angle neutron scattering (SANS) data from microporous silica taken on the 8 m pinhole SANS instrument (Glinka, Rowe & LaRock, 1986) at the NIST Research Reactor with absolute-scaled and desmeared SAXS data from the same sample taken with the double-crystal instrument. The neutron data were scaled to the X-ray data by the ratio of the SAXS contrast to the SANS contrast. A comparison of the two sets of data is shown on a log(/) vs log(h) curve in Fig. 2 , where the two curves in the overlap region are nearly identical. These SAXS data, and data from four other microporous silica samples, have been analyzed (Long, Krueger, Jemian, Black, Burdette, Cline & Gerhardt, 1990) for particle-size distributions by means of the maximum-entropy method (Potton, Daniell & Rainford, 1988) . The accuracy of the total scattering volume, derived in the course of such an analysis, is very sensitive to the accuracy of absolute scaling and quality of desmearing of the scattering data. It was found that the volume calculated from the scattering curves was within a few percent of that measured by volumetric techniques. This agreement offers further evidence that the scaling of absolute intensities is accurate and the quality of the desmearing is good.
A graphic example of the quality of desmearing is offered by the small-angle X-ray scattering from monodisperse spheres. The scattering curve from uniform-diameter spheres contains numerous peaks (secondary maxima), which are regularly spaced in h. The average spacing, dh, of these peaks is related to the mean sphere diameter, D, by
However, for h < Ah, scattering interference effects can be observed if the spheres are densely packed. Samples were prepared from liquid suspensions of nominal diameter 460 nm polystyrene spheres supplied by Dow. Drops were placed in the center of a transparent tape substrate and dried, creating a densely packed 'cake' of uniform-diameter spheres. The cakes were sufficiently strong that it was possible to hang them on edge by attaching the tape to a metal ring. The scattering profile of the tape substrate was indistinguishable from the empty-beam profile. Since the thickness of the cake was not uniform, conversion of the SAXS intensity into absolute units was not possible. The resolution of the double-crystal instrument is adequate to show the first diffraction order from this sample. As-measured (slit-smeared) and collimation-corrected (desmeared) SAXS data from 460 nm diameter spheres are shown on a log[l(h)] vs log(h) curve in Fig. 3 , demonstrating the quality of the desmearing process. In addition, 22 diffraction orders (secondary maxima) are clearly visible. The straight line fitted to the data of Fig. 3 shows a relation of I oc h-3 for the smeared data and a relation of I oc h -4 for the desmeared data, as expected. For analysis, the SAXS was modelled by the scattering from a narrow Gaussian distribution of homogeneous spheres where the number of spheres of diameter D is proportional to
The mean where C is an arbitrary scaling constant. Log(h) Fig. 3 . SAXS from 460 nm polystyrene spheres. The lower curve is the measured data. The upper curve is the desmeared data. The slope of the line through the measured data is -3 and the slope of the line through the desmeared data is -4, where the uncertainty is _ 0.01 in each case.
In Fig. 4 , the collimation-corrected SAXS in arbitrary units, I(h), is plotted as a function of h against the SAXS calculated, I(h), from a Gaussian distribution of spheres from the 460 nm diameter spheres. The fit of the model to the experimental data is good. Parameters of the Gaussian fit are: diameter = 477 (1) nm, tr(D) = 4 nm, polydispersity =0.8%.
A finite amount of polydispersity was required to enable the calculated scattering curve to correspond to the collimation-corrected data. Delta-function size 'distributions' contain deep valleys in the intensity curve between the secondary maxima. By adding some width to the distributions, the fit improved remarkably. Bonse & Hart, in their analysis of the very similar scattering curves (Bonze & Hart, 1966) did not comment on the possibility of particle-size polydispersity but suggested that the valleys were filled in by multiple scattering from a thick sample consisting of a close-packed array of spheres. While this explanation of the shallowness of the valleys is surely valid, it is also possible that this effect is partially due to a slight polydispersity in the size distribution.
Preliminary results on differential scattering are provided by a SAXS study of M23C 6 precipitates, where M = metal and C = carbon, in FeqCrlMo(VNb) steel. This investigation was carried out as a function of aging temperature. There are three distinct precipitates in this steel, vanadium-rich , , , MC, niobium-rich MC and chromium-rich M23C 6. The objective of the anomalous small-angle scattering experiment was to separate the microstructure due to the chromium-rich precipitates from that due to the other precipitates in the steel. The size distribution of the chromium-rich precipitates was determined from the SAXS data by means of a maximum-entropy analysis, and was isolated from the size distributions of the other precipitates in the alloy by utilizing the anomalous-dispersion effect to alter significantly the scattering contrast (zip) of chromium-rich M23C 6 while leaving the contrast of vanadium/niobium-rich MC relatively constant (see Fig. 5 ). Fig. 6 shows SAXS data from one sample at photon energies 5.974, 5.949 and 5.789 keV (-15, -40 and -200 eV from the chromium K edge). The change in intensity with photon energy is consistent with anomalous small-angle scattering from a distribution of chromium-rich precipitates. Each of the intensity curves was converted into a contrastweighted and particle-volume-weighted size distribution. The three distributions shown in Fig. 7 , which are derived from an analysis of the data in Fig. 6 , have a main peak at roughly the same diameter, indicating good internal consistency. By fitting the three distributions against the contrast of Cr23C6, the distribution of Cr23C 6 was isolated. The analysis of these data, and those from five other samples each aged for 5000 h at a different temperature, appears elsewhere (Jemian, Weertman, Long & Spal, 1990) . It was determined that the mean diameter of the chromium carbide precipitate remained constant at 140 (2)nm after 5000 h of aging temperatures up to 755 K. Thereafter, the mean diameter increased monotonically up to 190 (6)nm after 5000 h at 922 K.
Concluding remarks
The design and operation of a new double-crystal small-angle scattering diffractometer have been described. Although the instrument offers high angular and wavelength resolution, the measurement times are short enough (of the order of 30 min) to enable practical multiple-energy anomalousscattering studies of the microstructure evolution in a series of related samples. This efficiency was achieved through the custom design of each element of the diffractometer -crystals, detector and electronicsin concert with the parameters of the X-ray source.
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.... lated from the SAXS data in Fig. 6 . The change in the height of the size-distribution peak is attributed to the change in contrast of the 140(2) nm Cr23C 6.
